A novel "etching-precipitation" method is proposed and developed for the direct synthesis of graphene on dielectric substrates. In this method, graphene precipitates from the Fe-C solid solution film during selective etching of Fe using Cl 2 gas. Few-and multi-layer graphene is fabricated directly on quartz glass and SiO 2 /Si substrates without Fe residue at a growth temperature of 500-650 °C, which is a significantly lower temperature than used in the conventional chemical vapor deposition method. The 6-to 7-layer graphene synthesized at 650 °C shows a volume resistivity of 80-140 μΩ cm. The average number of layers can be easily controlled in a linear fashion with the initial carbon feed, which is proportional to the thickness of the starting Fe-C films. Line-patterned multi-layer graphene is also fabricated by simply pre-patterning the starting Fe-C film although its structure is somewhat different from typical graphene ribbons. "Etching-precipitation" will be a practical route to synthesize graphene with micro-patterns directly onto device substrates of arbitrary sizes.
Introduction
Graphene [1] , which is a monolayer or few layers of sp 2 adjusting the layer number [3] [4] [5] . Therefore, fabrication methods that provide good control over the structure and layer number of graphene have been extensively explored. Currently, chemical vapor deposition (CVD) on catalyst metals [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] is considered the most promising method for the synthesis of graphene because of its high scalability. Graphene films 30 inches in size were produced for transparent electrodes by CVD on Cu foils, and transparent electrodes having a sheet resistance of 30 Ω/sq. and an optical transmittance of 90%
(excluding the absorption by the base film) were fabricated by transferring graphene four times to polyethylene terephthalate films [7] . For many applications, it is necessary to have graphene on dielectric substrates. The transfer of graphene to such substrates has been realized by complete etching of the catalyst metals by liquid etchants (e.g., FeCl 3 as) [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] and, more recently, by the electrochemical delamination or electrolysis-based bubbling transfer method [21, 22] . However, wet processes can easily cause impurities and damage to graphene, resulting in an increase in resistivity or degradation of mobility. Furthermore, it is very difficult to fabricate graphene with a micro-pattern on a patterned underlayer, such as is necessary for creating wiring in LSIs. To solve the transfer process difficulties, some groups have recently reported the synthesis of graphene between the catalyst metals and the dielectric substrates [23] [24] [25] [26] [27] , and the synthesis of graphene by CVD without a metal catalyst [28, 29] .
However, the synthesis of graphene possessing an acceptable level of quality and uniformity directly on dielectric substrates is still a challenge, and a breakthrough toward obtaining good 3 controllability over the layer number and micro-patterning is in high demand.
In this study, we propose an "etching-precipitation" method that enables the direct synthesis of metal-free graphene on dielectric substrates. Fig. 1 is a schematic comparing the etching-precipitation method with the ordinary CVD method. Two types of metal catalysts are used for CVD. In the case of carbon-insoluble metals (e.g., Cu) [6] [7] [8] [9] [10] [11] [12] , carbon feedstock (e.g., CH 4 ) decomposes on the catalyst surface and forms graphene through a surface reaction mechanism [11] (Fig. 1a) . In the case of carbon-soluble metals (e.g., Ni, Co, and Fe) [11] [12] [13] [14] [15] [16] [17] [18] , the carbon feedstock decomposes on and dissolves into the catalyst, and the carbon precipitating from the catalyst upon cooling [11] predominantly contributes to the graphene growth with some contribution from the surface reaction mechanism [30] (Fig. 1b) . In case of CVD at low temperatures, these metals have lower solubility of carbon and yield graphene also via the surface reaction mechanism, as previously reported for the Ni-Au alloy catalyst at 450 C [31] . Uniform monolayer graphene was recently realized through the surface reaction mechanism on the Ni-Au ally catalyst by CVD at 600 C via the careful control over the surface reaction and bulk diffusion kinetics [32] . For the case of CVD at high temperatures, the carbon supersaturation that occurs because of the reduced solubility of carbon in catalyst metals during cooling drives the carbon precipitation from the metal-carbon solid solution [11] . More precisely, the driving force for the precipitation of carbon is the lower chemical potential of carbon in graphene/graphite than that in the supersaturated metal-carbon solid solution. This gives birth to the new idea of driving the precipitation of carbon not by decreasing the solubility of carbon, but instead by increasing the carbon concentration in the solid solution. We propose the etching-precipitation method for graphene synthesis in which the solute carbon is supersaturated by removing the solvent metal from the "hot metal-carbon solid solution" through dry-etching (Fig. 1c) . We can choose the metal from the carbon soluble metals such as Fe, Co, and Ni, and Fe having a high carbon solubility (up to 25 at% in 4 a form of Fe 3 C carbide) is selected in this work to achieve rather thick graphene for possible application to wiring in LSIs. The Fe-C mixture film is deposited on either quartz glass or an SiO 2 /Si substrate and heated to 400-700 C, whereupon the Fe is gradually etched away by Cl 2 gas to yield graphene directly on the SiO 2 /Si without metal residue. Few-layer graphene and multi-layer graphene, which are defined as graphene having 2−5 and 2−10 layers, respectively [1] , can be obtained with a moderate process temperature of 500-650 C because the graphene growth proceeds at a constant temperature, thereby keeping the carbon mobile.
Furthermore, control over the number of graphene layers as well as patterned growth, which are important base technologies for wiring in LSIs, are realized by tailoring the structure of the initial Fe-C mixture films. The samples were set in a quartz glass tubular reactor (34-mm inner diameter and 300-mm heating zone length), heated to and annealed for 10-30 min at a target temperature of 400-700 °C for Fe-C mixture films and 700-800 °C for Fe-C bilayers while being exposed to a 25 vol% H 2 /Ar balance mixture at a flow rate of 400 standard cubic centimeter (sccm) and pressure of 100 Torr, thereby making a solid solution. A subsequent dry-etching of the Fe was carried out for 0-90 min by switching the gas to a 0.01-1 vol% (0.05-0.5 vol% typically) Cl 2 /Ar balance at a total pressure of 5 Torr and the same temperature used for annealing.
The resulting graphene samples were analyzed by micro-Raman scattering spectroscopy (Horiba HR-800, Kyoto, Japan), scanning electron microscopy (SEM; Hitachi S-4800, Tokyo, Japan) with energy dispersive X-ray spectroscopy (EDS; AMETEK EDAX 6 Genesis, Berwyn, PA, USA), and atomic force microscope (AFM, Shimadzu SPM-9600, Kyoto, Japan). Sheet resistances of the samples were evaluated by the four probe method.
Optical transmittance was evaluated by an optical scanner (Canon Canoscan 9000F, Tokyo, Japan) in the linear scale. From the AFM image taken near the voids (Fig. 2d ), the height difference between the graphene and the void surfaces (Positions A and B) is 3.4 nm on average, which is somewhat larger than the thickness of ~2 nm expected from the layer number of 6-7. In addition to the layer number distribution, some wrinkles are observed, which may cause the increase in the graphene film thickness. This film has a sheet resistance of 340-460 Ω/sq., and the volume 7 resistivity is estimated to be in a range from ~80 μΩ cm, using the thickness of 2 nm obtained from the optical transmittance, to ~140 μΩ cm, using the thickness of 3.4 nm from the AFM measurement. These results show that a multi-layer graphene film is synthesized directly on the dielectric substrate via our etching-precipitation method. 
Results and discussion

Direct synthesis of few-/multi-layer graphene on dielectric substrates
Effect of the etching temperature: competition between graphene domain growth and dewetting of Fe-C films
Next, we discuss the effect of etching temperature upon the structure and quality of graphene. In the case of conventional CVD, a high temperature is required to grow high-quality graphene, with typical growth temperatures of 1000 C or above on Cu [5] [6] [7] [8] [9] [10] [11] and 900-1000 C on Ni [10, [12] [13] [14] . With direct growth of graphene on devices, however, the upper limit of the process temperature is often much lower. In the case of LSIs, it is normally as low as 400 C. In our etching-precipitation method, the graphene growth can be driven at a fixed temperature without cooling, so graphene can be grown even at low process temperatures. Fig. 3 shows the few-/multi-layer graphene samples grown at 400-700 °C. The plan-view SEM images ( Fig. 3a-g ) show drastic changes in the films with growth temperature.
A very fine structure is seen at lower temperatures (400-500 C), a domain structure with larger domain sizes at higher temperatures (550-650 C) and, finally, a discontinuous film at the highest temperature (700 C). The Raman spectra ( These structural changes as a function of temperature can be understood by the diffusion of carbon and the dewetting of Fe-C films. The diffusion coefficient, and thus the diffusion length of carbon atoms in Fe, is strongly dependent upon growth temperature and about 100 times larger at 700 C than at 400 C [33] . Therefore, the graphene domains grow bigger with fewer defects at higher temperatures. The characteristic time for dewetting of 10 Fe-C films is also strongly dependent upon the growth temperature, and is less than 15 min at 700 C for the conditions given in Fig. 3 . This short characteristic time at 700 °C produces a film with many voids and edges, resulting in the reduced I G /I D ratio. The trade-off relationship at higher temperatures between the improved domain size and crystallinity and the degraded continuity of the graphene is evident. The best balance is achieved with a growth temperature of 600-650 °C for a 15-min etching time using 5 mTorr Cl 2 , though the optimum temperature should be lower for a longer etching time using Cl 2 at lower partial pressures. We also applied the etching-precipitation method using a sputtered Fe/amorphous C/SiO 2 multilayer (Fig. S2 ).
For this multilayer, the diffusion length for mixing between the Fe and C layers is much larger than that for the mixed Fe-C films, creating the need for a higher process temperature and resulting in the dewetting of the Fe-C layer and graphitic films with many voids present.
Control of the graphene layer number by the initial carbon feed
A method to simply control the number of graphene layers is essential for many graphene applications. Fig. 4 demonstrates our results for a simple control method of the graphene layer number by adjusting the initial carbon feed via varying the Fe-C film thickness.
In Fig. 4a , we can see that the graphene films on quartz glass substrates are uniform in color, and are darker for thicker initial Fe-C films. The average layer number of graphene, as estimated from the optical transmittance, increases linearly with the film thickness and, therefore, the amount of carbon feed, indicating the simplicity of our method (Fig. 4b) . The graphene film grown from the 100-nm-thick Fe-C film has an optical transmittance of 86%, corresponding to six to seven layers and a thickness of ~2 nm. Whereas the initial carbon feed in the 100-nm-thick Fe-C film corresponds to a 10-nm-thick carbon layer. SEM-EDS analysis
shows that the Fe-C film contains oxygen at ~8 at% owing to the background pressure in the sputter deposition system and/or its exposure to the air. It is probable that 8 at% C is 11 consumed in reducing iron oxide and yielding CO, and the remaining 2 at% C is converted to graphene. The number of graphene layers estimated by considering this effect is shown as a solid blue line in Fig. 4b , which matches well with the experimental results (blue open squares). Therefore, if the oxygen content in the Fe-C film is constant, the average layer number can be linearly controlled by the initial carbon feed. Plan-view SEM images are shown in Fig. 4c for the few-/multi-layer graphene films grown from 20-, 35-, 100-, and 200-nm-thick Fe-C films on SiO 2 /Si substrates. The few-/multi-layer graphene exhibits a continuous structure when grown from Fe-C films 100 nm or thicker, whereas it displays a discontinuous structure with voids when grown from Fe-C films 35 nm or thinner. Both the layer number (Fig. 4b ) and the surface coverage (Fig. 4d ) of the graphene increases with the initial film thickness, and it remains a challenge to obtain a continuous graphene film of very few layers via this etching-precipitation method.
12 To better understand the dewetting process of the Fe-C films during etching, etching is performed for a short time (2 min) and the surface is characterized by SEM-EDS (Fig. 5 ).
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The Fe-C film exhibits a discontinuous surface with many holes (Fig. 5a ). Each hole shows weak EDS signals for both C and Fe (Fig. 5b,c) and the SEM images exhibit bright regions at the center surrounded by the dark region (Fig. 5a ). The bright regions are charged up and prove to be the voids (i.e., a bare SiO 2 surface), and the dark region is the graphene on SiO 2 without Fe. These void structures can be explained using the schematic model shown in Fig.   5d . The schematic demonstrates that during the etching-precipitation process, surface tension in the Fe-C film drives the film to dewet with time and with the decreasing film thickness. If holes form in the Fe-C film at a very early stage prior to the graphene precipitation, a bare SiO 2 surface is exposed and remains as voids. As the etching proceeds, the C concentration in the Fe-C film increases until the C becomes supersaturated and graphene starts to grow. Near the voids, the graphene sits directly on the SiO 2 surface, resulting in the dark region surrounding the voids. For the remaining areas, the graphene sits on the discontinuous Fe-C film and the layer number increases as the etching proceeds. The etching proceeds for Fe even under the graphene layer, possibly via diffusion of Cl-and/or Fe-species through the graphene at its grain boundaries and/or voids. Finally, the Fe-C film is completely etched away, resulting in the Fe-free fw-/multi-layer graphene with some distribution in the layer number (Figs. 2 and 3) . The surface coverage of graphene is less for thin Fe-C films, which begin to dewet quickly before the graphene starts to precipitate.
We also observed the Fe-C surface after annealing without and with etching by Raman spectroscopy (Fig. S3) . After annealing and cooling down, a very weak G-band peak
(1/30 of the one after 10 min etching) appeared, showing some graphene forming at a very small amount on the Fe-C surface. As the etching proceeds, the D, G, and G'-band peaks got dramatically enhanced, showing that the graphene mainly formed upon etching by Cl 2 gas.
Differently from the etching-precipitation that yields few-/multi-layer graphene films directly on SiO 2 surfaces, the wet-etching of the annealed Fe-C film caused the graphene (at a small 14 amount) to be lifted-off and to disappear (not to float as a continuous film). The key to fabricating uniform graphene without voids is to suppress the dewetting of the Fe-C films. One approach to prevent the dewetting is to stabilize the interface between the Fe-C film and the SiO 2 substrate. To stabilize the interface, we use a Cu as a sacrificial underlayer for the Fe-C film (Fig. 6a) . As the etching of the Fe-C film proceeds, the concentration of C increases in the Fe-C film while C cannot diffuse into Cu due to the limited C solubility in it. After the complete etching of the Fe-C film, graphene sits on the Cu underlayer. Cu is also etched away by Cl 2 to yield Cu n Cl n gases (n = 1, 3 as the main species) and finally the graphene sits directly on SiO 2 . Fig. 6b −e shows the few-/multi-layer graphene synthesized from the 100-nm-thick Fe-C film on 100-nm-thick Cu sacrificial underlayer on a SiO 2 substrate via etching-precipitation at 600 C. The number of voids drastically decreases with the sacrificial underlayer (Fig. 6b) , showing that the suppression of the dewetting of the Fe-C film is indeed the key for growing uniform graphene. However, the etching of Cu is thermodynamically more favorable than Fe, resulting in some irregularly etched regions (Fig.   6d,e) . To obtain graphene without voids, it is important to find an underlayer material that improves the interfacial interaction between the Fe-C films and SiO 2 and is thermodynamically less favorable for etching by Cl 2 than Fe.
16 
Direct fabrication of line patterned graphene/graphite
In the etching-precipitation method, graphene/graphite can be formed in a micropattern on SiO 2 by simply pre-patterning the Fe-C mixture film using conventional lithographic methods. We investigate such a graphene/graphite formation by pre-patterning the Fe-C films via the lift-off process. First, a ZEP502A resist pattern is fabricated using electron beam lithography on a SiO 2 /Si substrate. Next, the Fe-C mixture film is sputter deposited with a thickness of 200 nm. The line-patterned Fe-C film is then fabricated by dissolving the resist and lifting off the Fe-C film via ultrasonication in acetone.
Etching-precipitation of graphene/graphite is then carried out in 0.05 vol% Cl 2 /Ar at 5 Torr and 600 C for 30 min. (Fig. 7a,b) owing to the dewetting process discussed in the previous section, whereas no voids are observed in the narrow lines 0.24 µm in width, though some fluctuation in the line width is seen (Fig. 7c) . Fig. 7d-g shows the EDS mapping images and the EDS spectrum of the 3-µm-wide graphene/graphite line. The line is found to be composed of C and has no Fe signal, demonstrating the formation of metal-free (C > 99 at%) graphene/graphite lines. Further characterization of these graphene/graphite line patterns is made, and Fig.   8a -c shows the AFM images of the same lines shown in Fig. 7 . The expected thickness and layer number of these lines are around 5 nm and 14 layers, respectively, as estimated from the data of the continuous film sample (Fig. 4a) . The 3-µm-wide line (Fig. 8a) has a wide plateau that is very thin in the center, but with edges as thick as 200 nm on both sides that are much greater than the expected thickness of 5 nm. Moreover, the narrower lines (e.g., 1-and 0.24-µm-wide lines in Fig. 8b,c) have an unexpectedly large thickness in the whole region. The carrier type, carrier concentration, and carrier mobility of the few-layer graphene synthesized on a quartz glass substrate were determined at 25 C using a Hall effect measurement apparatus (TOYO, ResiTest 8400, Tokyo, Japan). As summarized in Table S1 , 
Conclusions
In summary, we propose an "etching-precipitation" method that realizes the fabrication of metal-free few-/multi-layer graphene directly on dielectric substrates. The 6−7-layer graphene directly fabricated on a quartz glass substrate at 650 C exhibits an 86% For graphene applications using both conducting and semi-conducting device elements, a transfer-free process yielding graphene directly on dielectric substrates is in high demand. Our etching-precipitation method is compatible with substrates of any size, and would be promising for few-/multi-layer graphene fabrication at both the macro-and micro-scales. 
Figure captions
